Abstract Only 4% of Down syndrome (DS) cases have a Robertsonian translocation (ROB). The aim of this study was to define the possible breakage area in 21p where ROB occurs. We prospectively and consecutively collected ten cases ROB DS from three medical centers. Of the ten DS children, six were de novo (60%), and four were due to paternal or maternal inheritance (40%). They consisted of four der(21q;21q), four der(14q;21q), one der(13q;21q), and one der(21q;22q). The origin of the extra chromosome 21q was maternal in five of six de novo ROB and paternal in one case. All four der(21;21) ROB DS were an isochromosome. The result of gene dosage change by realtime quantitative polymerase chain reaction (PCR) was compatible with array-comparative genomic hybridization in one case. We further used real-time PCR to detect the copy number of TPTE and BAGE2 located on 21p11 and SAMSN1 on 21q11. The ratio of copy number in 21p:21q was 1:3 in der(21q;21q) but 2:3 in der(13q;21q), der(14q;21q), and der(21q;22q). Our preliminary results demonstrated the critical breakpoint of chromosome 21 involving ROB might lie between BAGE2 and the centromere, located from 10.1 to 12.3 Mb.
Introduction
Down syndrome (DS) is the most common human aneuploidy at birth and is the most common genetic cause of mental retardation. DS occurs in approximately 1/700 live births (Korenberg et al. 1994) . It was first identified as trisomy of chromosome 21 in 1959 (Lejeune et al. 1959) . Nearly 95% of DS cases is due to a complete extra chromosome 21. About 90% of them arises from a maternal meiotic error (Yoon et al. 1996; Antonarakis et al. 2004 ). The remaining 4% results from a Robertsonian (ROB) translocation. Of those, 25% of ROB DS is familial whereas the remainder is de novo. Mosaic DS comprises 1-2% of cases (Shaffer et al. 1993; Wolff and Schwartz 1993; Mutton et al. 1996; Antonarakis 1998; Roizen and Patterson 2003) .
ROB are whole-arm exchanges between the short arms of acrocentric chromosomes 13, 14, 15, 21, and 22 (Bandyopadhyay et al. 2002; Berend et al. 2003) . In these particular short arms, satellite DNA is present in the p11 region, nucleolar organizer region (NOR) in p12, and telomeric sequence in p13 (Page et al. 1996; Bandyopadhyay et al. 2001) . We are aware of three possible mechanisms of formation of ROB: (1) centric fusion at the centromere, (2) fusion following breakage in one short arm and one long arm, and (3) fusion following breakages in two short arms (Guichaoua et al. 1986 ). The first two mechanisms that form a translocation chromosome with one centromere, known as a monocentric chromosome, occur very rarely. The third results in a chromosome with two centromeres, or a dicentric chromosome.
The breakpoint of ROB, as with other chromosomal rearrangements, predominately occurs in the pericentromeric and subtelomeric regions (Roth and Wilson 1986; . The proximal domain of the pericentromeric region of chromosome 21 is a patchwork of chromosome duplication containing two genes (TPTE and BAGE2) in 21p (Brun et al. 2003) . These two genes belong to gene families, and they control the function of testis and cancer expression (Brun et al. 2003; Tapparel et al. 2003) . No other genes are present in 21p; therefore, TPTE and BAGE2 are excellent candidates for breakpoint analysis of ROB.
Array-based comparative genomic hybridization (CGH) allows identification of chromosome regions of gains and losses in cancers and genetics diseases (Pinkel et al. 1998; Pollack et al. 1999; Hodgson et al. 2001; Snijders et al. 2001; Greshock et al. 2004 ). To detect single-copy number changes or an unbalanced translocation, oligonucleotidebased high resolution microarray CGH contains the complete genome representation and most detailed probes (Solinas-Toldo et al. 1997; Lucito et al. 2003; Bignell et al. 2004 ). Array CGH is also a powerful tool for chromosome breakpoint analysis (Chao et al. 2006; Peng et al. 2006) . Then, the results of array CGH can be verified by quantitative polymerase chain reaction (PCR) or fluorescence in situ hybridization (FISH) .
In this novel study, we used high-resolution genomicwide array CGH to analyze the gene dosage change of chromosome 21 of ROB DS. Then, we arranged real-time quantitative PCR for confirmation. TPTE and BAGE2 located in 21p were designated as the genes to analyze for the breakage points of ROB.
Materials and methods
Patients with ROB translocations of DS including der(14q;21q), der(21q;21q), der(13q;21q), der(15q;21q), and der(21q;22q) were enrolled in our study. The first two are the most common form of ROB found in DS. We prospectively collected ten cases of ROB DS, either familiar type or de novo. Due to the rarity of ROB DS, we reviewed the databases of the cytogenetics laboratory from Chang Gung Memorial Hospital (CGMH), National Taiwan University Hospital (NTUH), and Mackay Memorial Hospital (MMH) from 1996 to 2005. These children were all followed in the pediatric department of those medical centers. We selected consecutive cases without any selection bias. The study closed when the tenth case was enrolled. Genetic counselors and a research nurse recorded the phenotype of each case. Medical history was obtained from chart review or direct history. Informed consent was given to by parents, and the research and ethics committees approved the study design.
Genomic DNA isolation
Genomic DNA was extracted with the PureGene DNA isolation kit (Gentra Systems, Minneapolis, MN, USA), DNA quality was confirmed by gel electrophoresis, and the amount of DNA was quantified with a spectrophotometer (GeneQuent; Amersham Biosciences, Piscataway, NJ, USA).
Molecular genetic analysis
DNA was isolated from peripheral blood. Quantitative fluorescent polymerase chain reaction (QF-PCR) using polymorphic small tandem repeat (STR) markers was carried out to verify the parental origin of all DSs with Robertsonian translocation. Polymorphic STR markers specific to chromosomes 21 were used to determine the parental origin of the extra chromosome 21 (Table 1) . Further STR markers specific to chromosome 14 (four cases) and chromosome 13 (one case) were applied to detect uniparental disomy (UPD).
Array experiment
Genomic DNA was fragmented by AluI and RsaI restriction digest for a minimum of 2 h at 37°C. After purification with the QIAquick PCR purification kit (Qiagen, USA), digested DNA was visualized using the 2100 BioAnalyzer (Agilent Technologies, USA) with DNA 500 chip. Labeling reactions were performed with 10 lg of purified DNA and a Bioprime labeling kit (Invitrogen), according to the manufacturer's instructions, in a volume of 50 ll with a modified deoxyribonucleotide triphosphate (dNTP) pool containing 120 ll each of dATP, deoxyadenosine triphosphate (dGTP), and deoxycytidine triphosphate (dCTP), 60 ll deoxythymidine triphosphate (dTTP), and 60 ll Cy5-labeled deoxyuridine triphosphate (Cy5-dUTP) (for the experimental sample), or Cy3-dUTP (for the reference) (PerkinElmer). Labeled targets were subsequently purified by using a Centricon YM-30 column (Millipore). Each sample for hybridization was compared against normal pooled human female as a reference (Promega). Experimental and reference targets for each hybridization were pooled and mixed in a 500 ll hybridization mixtures of 50 lg of human Cot-1 DNA (Invitrogen) in 19 hybridization buffer (Agilent Technologies). Before hybridization to the array, hybridization mixtures were denatured at 95°C for 3 min and incubated at 37°C for 30 min. To remove any precipitate, the mixture was centrifuged at C14,000 g for 5 min and the supernatant was transferred to a new tube. The labeled and denatured DNA target was then hybridized to human genome CGH 244A microarray (G4411B, Agilent Technologies, USA) at 65°C for 40 h. The arrays were then washed in 0.59 SSC/0.005% Triton X-102 (wash 1) at room temperature for 5 min, followed by 5 min at 37°C in 0.19 sodium chloride, sodium citrate (SSC)/0.005% Triton X-102 (wash 2).
Image acquisition and raw data processing After drying, hybridized arrays were scanned on an Agilent DNA microarray scanner at 535 nm for Cy3 and 625 nm for Cy5 at a resolution of 5 lm. Scanned images were analyzed by Feature Extraction 8.1 software (Agilent Technologies, USA), and image analysis and normalization software used to quantify signal and background intensity for each feature substantially normalized the data by linear normalization method. Data analysis was performed on the CGH Analytics 3.3 (Agilent Technologies, USA). 
PCR primers

Results
Ten cases of ROB DS were collected. Seven cases were from CGMH, two from NTUH, and one from MMH. Patients' mean age was 53 months. Average maternal age at delivery was 25.1 years. Of the ten children, six had a de novo ROB translocation (60%), and four were inherited (40%). Karyotypes included four der(21q;21q), four der(14q;21q), one der(13q;21q), and one der(21q;22q). All cytogenetic results were confirmed by review or reculturing. Molecular cytogenetic analysis demonstrated that the origin of the extra chromosome 21q was maternal in 5/6 de novo ROB and paternal in one. Most (5/6, 83.3%) de novo ROB DS revealed homozygosity through STR marker analysis and that the error occurred in meiosis II. Case 5
showed three different peaks in STR result, thereby indicating that formation of the translocation occurred in meiosis I with crossover. For the four cases of parental inheritance, three ROB were maternally inherited, and one was paternally inherited (Table 1) . Therefore, eight (80%) cases were maternally inherited compared with paternal inheritance (2/10, 20%). No cases of UPD for chromosomes 13 and 14 were detected. All four der(21;21) ROB translocations were an isochromosome, i(21q), instead of a true translocation, t(21q;21q). One of them was paternal in origin and the other three were maternal. The phenotype of these ten cases were recorded carefully. At least 90% of ROB DS had features of epicanthal folds, short stature, muscle hypotonia, and mental retardation. The incidence of congenital heart disease was 80%, which was higher than reported in the literature. One child had duodenal atresia. No child in our study had been diagnosed with an imperforate anus, Hirschsprung disease, or leukemia.
The 244-K-array CGH (Agilent Technologies) was applied to case 2 by simple random sampling, drawing of lots. Result revealed diploidy (gene dosage was nearly equal to 1.0) for every chromosome except chromosome 21. With whole q-arm amplification in chromosome 21, the average gene dosage was 1.5. However, the gene dosage in 21p was near 1 (Fig. 1a) . TPTE and BAGE2 are the two genes in 21p, with six probes for TPTE and seven probes for BAGE2. The physical map of both genes is located in 21p11. The average log 2 ratio on TPTE was 0.2 and gene dosage was 1.1. The results were similar for BAGE2, -0.1 log 2 ratio and 1.0 gene dosage (Table 2) . Compared with TPTE and BAGE2, SAMSN1 (eight probes) located in 21q11 showed 0.7 log 2 ratio with 1.6 gene dosage. We performed real-time PCR, and the result was compatible with array CGH. Thus, the critical breakpoint might be located between the centromere and BAGE2 (Fig. 1b) . Table 3 shows the results of real-time quantitative PCR for all ten cases, plus one positive control and one negative control. The gene dosage of SAMSN1 was increased in all ROB DS and free trisomy 21. The gene dosage of TPTE and BAGE2 was decreased in cases 1, 4, 7, and 9. These four cases involved isochromosome 21, and the ratio of DNA copy number 21p:21q was 1:3. The other six ROB DS revealed no gene dosage change in TPTE and BAGE2 with the ratio of 2:3. The gene dosage on free trisomy 21 was near 1.5; therefore, the copy number of 21p:21q was 3:3. No gene dosage change with 2:2 DNA copy number ratio was observed in the negative control.
Discussion
De novo duplication of chromosome 21, also known as isochromosome 21 DS, is the second most common chromosomal form of DS. Sometimes, it has been called a ''21q21q'' ROB. However, the two 21q components are usually identical (Antonarakis et al. 1990; Shaffer et al. 1993 ). In our study, four cases of der(21q;21q) involved in isochromosome and molecular study suggested that the isochromosome originate at early postzygotic mitosis. Seventy-five percent (3/4) of isochromosome 21 cases was of maternal and 25% of paternal origin. Two of four der(14q;21q) translocations were de novo, and the other two were of inherited. The extra chromosome 21 in these two cases of de novo der(14q;21q) translocation was maternally derived. From the literature, all cases of der(14q;21q) translocation were of maternal origin (Petersen et al. 1991; Shaffer et al. 1992; Berend et al. 2003) .
The UPD study results for chromosomes 13 and 14 were negative, meaning that the two alleles were of biparental origin. When a Robertsonian translocation occurs, trisomy or monosomy rescue could occur, resulting in UPD. If there are regions of genome imprinting on a uniparental chromosome pair, phenotypic consequences can arise. Testing for UPD should be performed, especially in case of any parent who is a balanced carrier of ROB (Kim and Shaffer 2002) .
All cases of ROB DS were phenotypically similar to those with free trisomy 21 (Antonarakis et al. 2004 ). The higher incidence of brachycephaly and epicanthal folds in our group might be due to Asian ancestry. Congenital heart diseases were also more commonly found in our cases (80% vs. 40% in the literature). Although translocation occurred in chromosome 21p, the severity of DS was almost similar. Most DS features appear when the DS critical region (DSCR) (located around the D21S55 marker and roughly comprising from distal 21q22.1 to proximal 21q22.3) is trisomic (Delabar et al. 1993; Korenberg et al. 1994; Valero et al. 1999; Bandyopadhyay et al. 2001) . In our patients with ROB DS, we recognized every case with CGH comparative genomic hybridization, PCR polymerase chain reaction 21q involved in the trisomy, including DSCR. It is therefore understandable that these patients display most of the phenotypic features associated with free trisomy 21 DS. During the last two decades, technology has enabled a higher resolution analysis of the human genome. Diagnosis of genomic rearrangement has seen a shift from cytogenetic techniques, such as G-banding to FISH. Recently, array CGH has been successfully used to identify genomic deletions and duplications (Bruder et al. 2001; Yu et al. 2003; ). Array CGH is higher throughput than FISH and may be especially useful in identifying new genomic disorders or in detecting submicroscopic rearrangements not visible by traditional chromosome analysis (Vissers et al. 2003) .
The mechanisms of ROB formation are not yet clearly identified. However, the most of common ROBs have a consistent breakpoint location, whereas the rare translocations could have highly variable breakpoints locations (Page et al. 1996; Sullivan et al. 1996) . Some studies further demonstrated microdeletions or loss of sequences occurs in ROBs (Earle et al. 1992; Bonthron et al. 1993; Rogatcheva et al. 2000) . That is why we used high-resolution-array CGH with 244-K Agilent chip for evaluation of the whole genome and detection of any possible submicroscopic chromosomal deletion or duplication. In case 2, which was evaluated by array CGH, no other unbalanced chromosome rearrangement, except for duplication in 21p, was found.
Although the high resolution of array CGH is a powerful tool to detect aneuploidy, it cost is prohibitive, thus limiting us to analysis of a single case. We focused on the genes in 21p, including TPTE and BAGE2. Six probes for TPTE and seven probes for BAGES2 were built into 244-K chips. We expected that DNA copy number change in these two genes could yield us valuable information. The results of array CGH showed the breakpoint of chromosome 21 might be located proximal to BAGE2 from the centromere. To confirm this result, we further arranged real-time PCR and designed three primers for TPTE, BAGE2, and SAMSN1. The results of real-time PCR were comparable to array CGH.
The 14q21q translocation in case 2 spurred us to seek solid evidence of breakpoints involving chromosome 21 in a ROB translocation. to locate the breakpoint of 14q21q translocation between p11 (DNA satellites) and p12 (NOR, ribosome RNA) (Page et al. 1996) . Their group also defined the possible breakpoints of all types of ROB. Unlike other acrocentric chromosomes, chromosome 21 was the only one that p arm has some genes (International Human Genome Sequencing Consortium 2004). Our data of real-time PCR (Table 3) showed the DNA copy number of ROB DS was two in the p arm and three in the q arm. For isochromosome 21, the DNA copy number was one in 21p and three in 21q. The breakpoint of chromosome 21 involving an ROB translocation might lie between BAGE2 and the centromere, a location from 10.1 to 12.3 Mb (Fig. 1b) .
TPTE and BAGE2 are located in the juxtacentromeric region of chromosome 21 and have a cancer and/or testis expression profile (Brun et al. 2003) . Gene expression level analysis should be performed. Isochromosome 21 might have only one copy of TPTE and BAGE2 but three copies of SAMSN1. We should pay attention to the effect of the gene deletion, especially in male cases. A critical breakpoint of translocation was estimated by only one case in our work. Therefore, additional analyses should be arranged. Higher resolution of array CGH or customized CGH, or molecular FISH probes specific to TPTE and BAGE2, could offer more information about 21p in the near future. Our preliminary work requires more support to confirm the results and complete the project.
In conclusion, this is the first study regarding gene dosage change and breakpoint analysis of ROB DS using 
